We have studied the genetic properties and developmental effects of several mutations, in eight different loci, which alter the specification of embryonic segments. All of the changes are related to the transformations caused by mutants of the bithorax complex.
Introduction
Segmentation is one of the earliest differentiation events to occur during embryonic development of insects. It can be affected by manipulation of embryos prior to the formation of the blastoderm but not later (Sander 1976 ). In Drosophila mutants are known which disturb segmentation. Some have maternal effects and some are expressed in the zygote. Cell transplantation and mosaic analysis (gynandromorph and mitotic recombination) with some of these mutants has shown that segments become specified around the blastoderm stage. The same studies indicate that this specification is registered in individual cells (see GarciaBellido and Ripol11978, for discussion). We would like to known which genetic operations are involved in this specification.
Among the mutants which change the specification of segments are those of the bithorax-complex; mutants corresponding to insufficiency of function lead to cephalad transformations (towards mesothorax) and mutants corresponding to derepression or excess of function lead to caudad transformations (towards the 8th abdominal segment) (Lewis 1978 ). These mutants map in different regions of the same locus and are assumed to correspond to different subloci whose wildtype functions would be to define segment specific developmental pathways. However, mutant analysis indicates that the bithorax complex is not active in the cephalic segments. Thus a first question arises; how do the bithorax genes become active in certain segments and not in others?
External perturbations such as ether (Capdevila and GarciaBellido 1974, 1978) and heat-shock (Santamaria 1979 ) applied during the blastoderm stage seem to affect the mechanism by which the bithorax genes are activated. The same experiments further suggest that this activation is controlled by a similar repression mechanism as that of the lac system in E. coli. Thus, the existence of repressor coding gene(s) (Lewis 1978) and inductor related gene(s) have been postulated (Garcia-Bellido and Capdevila 1978) . Several mutants in other loci are known which, because of their phenotypes or interactions with bithorax mutants, could correspond to these postulated trans-regulatory genes of the bithorax complex. We need to distinguish, however, between genes whose mutant effects are due to non-specific perturbations and those whose wildtype alleles are specifically involved in the regulation of the bithorax complex.
Several criteria will be used to ascertain the specificity of function of these genes in the activation of the bithorax complex. Firstly, regulatory genes should be early acting (during segmentation) and thus have possible maternal components. To test this, their response to ether treatment of the blastoderm and their clonal behaviour in genetic mosaics can be examined. Secondly, regulatory genes should show phenotypic interactions with bithorax mutants which would distinguish mutations in structural genes from those in cis-regulatory regions of the bithorax complex. Thirdly, the effect of mutations in those genes should not only be corrected by two doses of their wild type allele but should also show another phenotype with extra doses (repression-derepression phenotypes). Finally, regulatory mutants should show predictable phenotypes in bithorax gene dose titration experiments.
The results of this analysis carried out with a series of mutants in different loci allows us to classify them as: 1) perturbing the positional references for segmentation, 2) involved in the regulation of bithorax at the activation step and 3) affecting the expression of the bithorax genes (implementation) during subsequent cell proliferation. This paper reports a detailed study of the gene Regulator ofbithorax, its interactions with the bithorax complex, its interactions with other genes affecting the bithorax expression and its interactions with ether phenocopies. The results suggest that
The mutant Rg-bx was first identified in the form of a point mutant (16160 in the original protocol of E.B. Lewis) and designated by him both as l(3)bx ~, bithorax-variegated and Regulator of bithorax, Rg-bx. We will use the latter designation here because it has been already referred to in this way in the literature (Garcia-Bellido 1977; Garcia-Bellido and Capdevila 1978) . Allelism to trithorax (Ingham and Whittle 1980) is questionable (see below). Lewis later found that Rg-bx was included in the deficiency Df(3R)red e52, which lacks bands 88B1 4. Both the deficiency and the point mutant produce a "bithorax variegated" phenotype (Lewis, personal communication) . Other chromosome deficiencies in the same region Df(3)re~ 1 (87F15, 88C1-3, Hall and Kankel 1976) and Df(3R)red zl Spillmann Faller 1976) have also been studied. An insertional translocation, (20; 87C8-Dl; 88-D12-E1, Hall and Kankel 1976) carries the Rg-bx + region in the Dp(3; 1) element. This element is viable as a duplication. The reciprocal deficiency is inviable in heterozygotes.
T(3,'l)kar 5~
Two possible allelic lethal mutants (l(3) located in the 3L chromosome arm (3-47 .+) have been found by Shearn (1974) . They complement for lethality with Pc 3 which is located nearby and with some deficiencies for the Pc locus (unpublished). The Pc locus is included in the duplication element of the insertional translocation T(2,'3)FM27 (21F; 75B ; 80, Puro and Nygren 1975) . The duplication element Dp (3 ;2)FM27 is viable but the reciprocal deficiency is not.
Clonal analysis was carried out in individuals of different genotypes following mitotic recombination induced by X-Rays (Philips 151 Be, 300 r/min, 100 kv 15 mA 2 mm A1 filter, total dose of 1,000 r). The age at X-ray irradiation was measured in hours, following oviposition (hAEL). The cell markers and mutants used have been described previously (Garc~a-Bellido 1972; Garcia-Bellido and Dapena 1974) .
Phenotypes, caused either by ether treatment (phenocopies) or by different genetic combinations, were evaluated with a dissecting microscope (X40) or a compound microscope (X400). Ether treatment of embryos was as described elsewhere (Capdevila and Garcia-Bellido 1974) .
Frequencies are calculated as the number of transformations over the number of flies. The frequencies of phenotypes vary between experiments. In order to standardise the genotypic back- Lewis (1978) ground, crosses were performed such that both the experimental flies and the controls were sibs, and in phenocopy experiments both were treated under the same experimental conditions (see Capdevila and Carcia-Bellido (1978) for further details). The lethal embryos were prepared following the method of van der Meet (1977) and examined by phase contrast microscopy.
In the description of the phenotypes caused by the different mutations we will use the following terminology. The total deficiency of the bithorax complex (e.g. Df(3)P9) has, as well as the Ubx dominant (haplo-insufficient) phenotype, additional abdominal transformations not previously reported (see Table 3 ). These appear as noncontiguous transformations of the patterns of abdominal segments into patterns corresponding to more anterior segments (cephalad transformations). Thus: areas of tergite 1 (chaetae, trichomes and pigment) present in tergite 2 or more caudal segments ("Tn", Ingham and Whittle 1980, Fig . 3) ; areas of pigmentation and trichomes of T4 appear in the T5 tergite ("T5", visible in males); areas of or complete tergites with the characteristics of tergite 6 present in segment 7 (in wildtypes males there is no 7th adult tergite) with cuticular patterns depending on the sex ("T7", Ingham and Whittle 1980, Fig . 3) ; patches of tergite 7 in the genital arch of females which in the wildtype only bear sensillae trichoidea ("TS") and the appearance in males of a sternite with chaetae in segment 6 which is normally devoid of such structures (~ $6"), supernumerary (3-4) spermathecae in females ("ss"). Not shown in Table 3 , but appearing in low frequencies, is the occurrence, in tergite 1, of sensillae trichoidea typical of the capitellum of the haltere. All these phenotypes correspond to a reduced function and will be designed as "repression" phenotypes.
Deficiency of the entire bithorax complex also has phenotypes which correspond to a derepression, namely to caudad transformations between segments (see Table 3 last column). They are described by Lewis (1978) as caused by derepression mutants:
Uab (Ultrabdominal) shows spots of tergite 2 or 3 in tergite 1, and Mep (Miscadestral pigmentation) causes spots of tergite 5 in tergite 4 characterized by pigment and trichome pattern.
The Rg-bx mutant and deficiencies in its locus cause most of the '~ phenotypes found in flies deficient for the bithorax complex (Table 3) . They also show a spotty or variegated phenotype of bx, transformations of the haltere into wing and third leg into second; in this paper we have only evaluated as bx v phenotype those transformations corresponding to the dorsal metathoracic disc. Occasionally the Wheeler's organ of the second sternite appears in the third segment.
The mutant Pc produces a complex syndrome (Hannah-Alava 1958; Denell 1978) . It shows extra sex-combs in the mesothoracic and metathoracic legs (extra sex-comb transformations) and transformations of antenna to leg segments (Antennapedia transformations). It also shows (Lewis 1978) wing transformations to haltere (Cbx transformations). In the experiments reported here (Table 6) (Table 3) .
Results

Phenotypic Analysis of the Rg-bx Mutants
The point mutation, Rg-bx, is a recessive lethal which, in certain genetic combinations, has dominant phenotypes similar to those caused by mutants of the bithorax complex. It does not complement for lethality with the deficiency, Df(3R)red vs2, which contains the loci of red and su(Hw) (Lewis, personal communication) . We have found that Rg-bx does complement red for eye colour and su(Hw) for suppression of the Hw phenotype and for female sterility. The mutation Rg-bx does not complement the lethality of two other deficiencies for red, Df(3R)red 31 and Df(3R)red 21, nor do the three deficiencies complement each other. Thus, Rg-bx is probably located in the small interval common to these deficiencies.
The Rg-bx mutant allele and any of the three red deficiencies produce similar phenotypes in flies heterozygous for the wildtype alleles and in flies which are double heterozygotes with mutants of the bithorax complex. These phenotypes include transformations which are typical of bithorax or postbithorax mutants, such as areas of wing or mesonotum tissue on the rnetathoracic segment and patchy transformations of posterior abdominal segments into more anterior ones (see Material and Methods for description). They correspond to "repression" mutations in the bithorax complex (Lewis 1978) .
The frequencies with which the most characteristic transformations appear are presented in Tables 1 and 3 . Two points of interest will be mentioned here. Firstly, in all cases the frequencies of these transformations are higher in zygotes derived from mutant oocytes than in those in which the mutation came with the male gamete. This behaviour is indicative of a maternal component as well as a zygotic one. This dominant phenotype Table 4 ). The second point is that the different mutations differ in their penetrance ( (0) 16 (0) 34 (0) 18 (0) 
49/23 (74/46) ll (4) 82 (14) 50 (28) 6 (0) 4 (0) 13 (0) 13 (5) 1 (8) 0 (0) DfP9 50/68 (42/24) 8 (3) 40 (7) 66 (55) 98 (29) 22 (8) 57 (18) 28 (0) 1 (6) 8 (64) DfP115 60/48 (53/61) 19 (7) 31 (4) 92 (57) 95 (100) 17 (13) 44 (18) 6 (5) 2 (11) 10 (36) Dp(3;3)bxdl~176 75/ (90/) 9 (0) 21 (3) 95 (45) 97 (71) 
The bithorax transformations described as bx v were mainly wing transformations in the anterior compartment of the dorsal metathorax and posterior (" postbithorax ") transformations were rarely found (four cases in all the crosses shown in Table 2 ).
The transformation found in the metathorax have a low leftright correlation. In Df(3)redP52/Ubx la~ flies, which show a high frequency of transformations (see below), we found in a sample of 266 flies; 44 transformation on the left side, 30 on the right side and 6 on both sides. Thus, the effect of the mutation seems to be local rather than segmental.
Lethality with the point mutant or the deficiencies occurs during embryogenesis. However, microscopic study of the homozygous lethal embryos did not reveal either segmental or cuticular abnormalities other than mandibular malformations.
Genetic Interactions of Rg-bx and the Bithorax Complex
The phenotypes caused by Rg-bx suggest that this mutants may interfere with the expression of the genes of the bithorax complex. We have analyzed the phenotypes of double heterozygotes for Df(3)red Psz and different alleles or deficiencies of the bithotax complex, in both the metathoracic (bx ~ phenotypes in Table 2 ) and abdominal regions (Table 3) .
To standardise the genetic backgrounds, the same Df(3) redPS2/TM1 was used in all the crosses and the bx mutants were first outcrossed to the same TM1 stock. Unless otherwise indicated, Df(3)red Psz was derived from the mother and the bx mutation from the father. As internal controls we scored sibs from the same cross. In Table 2 the crosses are subdivided according to the nature of the bx mutation (Lewis 1978) so that those under A are cytological point mutants, B are rearrangements with breakpoints in different regions of the bithorax complex, C represent partial or total deficiencies of the complex and D are partial or total duplications.
As mentioned above, bx v phenotypes occur in heterozygous Df(3)redPSZ/TM1 flies (internal controls of these experiments) which derive from Df(3)rede52/+ heterozygous oocytes. In these flies the frequency of bx ~ phenotypes is between 1 and 5%. The frequency of bx v transformations in bithorax genotypes of the A group does not differ from control values, varying around 14%. Thus, heterozygosity for recessive mutants or even dominant mutants like Ubx 1 or Cbx, which are cytological point mutations, does not increase the incidence of transformations caused by Df(3)red es2. As for ether phenocopies (Capdevila and Garcia-Bellido 1974, 1978) , this result suggests that the insufficiency phenotypes of Rg-bx is not due to depletion of the bx products. It is therefore interesting that, as for ether phenocopies, heterozygosity for breakpoints in the Ubx region (Ubx and Hm) causes a large increase in the frequency of bx ~ transformations. Breakpoints which are in the bithorax complex but outside the Ubx region, (Tp(3: 3)bxd 1~176 and T(2:3)PlO), do not increase the frequency of bx v transformations but do affect abdominal transformations (Table 3) . In a similar way, heterozygous deficiencies for the Ubx region of the complex, but not for the right part of the complex (Df(3)bxdl~176 cause an increase in bx ~ transformations. Total duplications as well as partial duplications that cover the Ubx region, (Dp(3:2) PIO and Dp(3: 3)bxd~~176 of the bithorax complex do not increase the frequency of bx ~ transformations relative to controls, interestingly, they seem to suppress them. These results indicate that the metathoracic effect (bx ~) of the Rg-bx mutation can be titrated with the number of doses of the bithorax complex and more specifically with the Ubx region of it.
The analysis of the third column of Table 2 also showed that, when the mother is heterozygous for Df(3)red Ps2 even non-Df(3)red esz flies with the bx mutation show a low frequency of bx ~ phenotypes. This resuIt is consistent with a maternal effect of Rg-bx deficiency which cannot be fully rescued in zygotes which are heterozygous for a mutant bithorax complex.
The insufficiency caused by heterozygosity for Rg-bx also expresses itself in abdominal transformations. In Table 3 we compare the frequencies of different types of abdominal transformations which occur in flies of different genotypes which are heterozygous for Df(3)red e52 and different bithorax mutants with the frequencies in corresponding flies heterozygous for bithorax mu- 
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224 (27) 132 (4) 101 (28) 101 (3) 142 (8) 112 (0) 117 (21) 638 (2) 210(0) 245(0) 199 (17) 298 (0) 285 (0) 253 (1) 144 (0) 296 (0) rations and with wildtype flies. Although it has not been previously reported, deficiencies in the bithorax complex have specific haplo-insufficient phenotypes (in parenthesis in Table 3 ; see Material and Methods for description of the transformations). These phenotypes are characteristic of the deficiency involved. Thus, the "Tn" transformation appears in Ubx 13~ and in deficiencies that lack the bxd locus (Df(3) bxd 1~176 but not Dp(3;3) bxd~~176
The "T5 .... $6" and T8 transformations appear in deficiencies distal to the breakpoint of T(2;3)PlO. The "T7" transformation occurs in deficiencies distal to the breakpoint of Df(3) Ubx 1~ (see Fig. 1 for description of breakpoints). "SS" appears, although in an erratic fashion, in deficiencies distal to Df(3)PIO. There are phenotypes which correspond to "derepression" of the bithorax system but which appear as Uab and Mcp in flies heterozygous for the bithorax deficiency. The former appear with all the deficiencies but the latter only with deficiencies distal to Df(3) Ubx 1~ Df(3)red es2 causes these transformations even in flies wildtype for the bithorax complex (Table 3 ) but the frequency of these transformations is increased when it is present alongside the bithorax mutation which causes the same type of transformation. As was shown for the metathoracic transformation (bxV), the presence of a duplication for the entire bithorax complex abolishes the effect of Df(3)red e52 insufficiency in certain transformations and reduces it in others. It is interesting to notice that "derepression" phenotypes are reduced or absent in heterozygous Df(3)redeSZ(bx) flies, This finding is again consistent with the interpretation that deficiency of D f(3)red causes repression of genes of the bithorax complex.
These results show that deficiency for the Rg-bx locus is expressed differently in the zygote, depending on the direction of the cross and on the genetic constitution of the zygote with respect to the bithorax complex. We have performed several crosses to ascertain if this effect is due to functional deficiency, is dose dependent, and if it is specific for the bithorax complex, causing repression of its genes. In these crosses we have manipulated the number of doses of the Rg-bx wildtype allele and those of the bithorax complex present in the oocyte and in the zygote (Table 4) . Table 4 shows that when the zygotic ratio of Rg-bx genes to bithorax complex genes is 3/2 or 3/1 there are no bx v transformations, even when the mother is D f(3)red heterozygous (Expts: 1 and 2). Thus, the presence of three doses of Rg-bx + in the zygote rescues the maternal insufficiency. The different frequencies of bx v transformations in 2/1 flies compared to 1/1 flies can also be explained by sufficient function of two doses of Rg-bx + genes in zygotes whereas the presence of two doses in oocytes, giving rise to 1/1 flies (Expt: 4), reduces the frequency of bx v phenotypes. Similarly, the presence of more than two doses of the bithorax complex in zygotes prevents the bx ~ phenotype. There is only a low frequency of flies with this phenotype when both the zygote and the mother have only one dose of the Rg-bx + allele. The results of these titration experiments indicate that the bx ~ phenotype results from a deficiency of gene function in both the oocyte and zygote and that this deficiency is expressed more efficiently when there is one dose of the bithotax complex than when there are two. Since heterozygosity for recessive mutatations in the complex has no effect on the bx ~ frequency ( Table 2 ) we infer that the Rg-bx insufficiency affects the activation of rather than the expression of the bithorax genes.
Our results are compatible with Rg-bx causing a non-specific perturbation of the mechanism of activation of the bithorax complex. Thus, when we recover the normal two doses of this gene we restore the insufficiency and therefore the perturbation. However, the effect of three doses of the gene suggests a more specific relationship. We have seen that Df(3)redeSZ/Cbx 1 flies show a weakened Cbx phenotype (Table 2) and that the Uab and Mcp transformations are also reduced in D f(3)red es 2 heterozygotes (Table 3 ). These findings indicate that the Rg-bx insufficiency can suppress derepression mutant phenotypes. The effect of three doses of the Rg-bx wildtype allele is undetectable in flies with two doses of the bithorax complex. We can, however, investigate the effect of three doses in flies heterozygous for derepression mutants in the bithorax complex. This has been studied in outcrosses of T(1;3)kar 5~ to Cbx, Cbx-like, Cbx 2 and Hm. We observed that flies which carry the Dp(3,'l)kar 51 and are heterozygous for any of these mutations show a more extreme derepression phenotype than control flies without the duplication. The different modulation of the phenotype of derepression mutants by from one to three doses of the Rg-bx gene strongly suggests that this gene is related directly to the bithorax complex rather than that it causes perturbations which secondarily affect it.
Developmental Analysis
The homoeotic transformations found in heterozygous Rg-bx flies are left-right asymmetric patches with clonal profiles and clearcut histotypic differences on either side of the demarcation line between transformed and untransformed territories. These features are consistent with the transformation occurring early in development in individual cells and thereafter being maintained by ceil heredity. Clonal analysis of ether p.henocopies, which have a similar phenotype to that caused by Rg-bx, showed that the metathoracic phenocopy spots were clonal (Capdevila and Garcia-Bellido 1974; . A similar cell lineage analysis in Df(3)redPS2/+ flies was not attemped because of the low frequency of the bx ~ transformations. We have, however, studied the effect of making cells homozygous for the mutation during the cell proliferation period of development. Whereas Df(3) red es2 is cell lethal when homozygous, cells homozygous for Rg-bx are viable. Homozygous cells were produced by mitotic recombination in Rg-bx/bM Sb 63 larvae. Mitotic recombination in the 3R chromosome arm proximal to bld gives rise to twin clones of bald (bld, labels trichomes) cells and non-Stubble (Sb + labels chaetes) cells. Since Rg-bx lies just proximal to the Sb locus the Sb + cells in twin with bld cells are simultaneously homozygous for Rg-bx. Larvae were irradiated at 24-28 and 48-72 h AEL and clones were studied in the thorax and tergites. In all these regions we found twin clones that retained the morphology and pattern of the site where they appeared; that is they showed no transformation. In 5 cases bld clones in the haltere, where Sb § cannot be scored, were surrounded by normal haltere trichomes. The lack of a transformation phenotype could be due to gene action restricted to early stages. However, nonautonomy or long persistance of the maternal (wildtype) cell phenotype would give the same result.
In order to enlarge the recombinant clones and reduce possible non-autonomy we studied the Sb+M + clones appearing in Rg-bx/mwh jr. Sb63M(3)w lz4 flies irradiated at 48-72 h AEL. Sb + clones are expected to be Rg-bx homozygous. In 93 flies studied we found 86 Sb+M + clones in the tergites; in all cases these clones retained the cuticular pattern of the segment in which they arose. In 13 clones in the mesonotum and/or wing the cells showed the typical mesothoracic pattern and 5 clones in the humerus were similary eutypic. Thus, the lack of transformation in clones of homozygous Rg-bx cells suggests that the function of its wildtype allele is not required during proliferation of the thoracic and abdominal anlagen. However, in 3 clones found in the head, the antenna region showed Sb + leg structures In the two cases of lethal mutations in the X chromosome, the cross was made in the reciprocal direction (via ~,). In the Rg-pbx experiments we distinguish between two strains, one with high (h) and other with low (/) pbx v penetrance. The bx ~ percentages given here only refer to transformation in the anterior compartments. The pbx ~ transformation is also increased to 50% in the l strain (being 8% in outcrosses to wildtype) and to 100% in the h strain and in Dp(3;Y)Rg-pbx (both have 90% transformation in outcrosses). Scored under the dissecting microscope
In ( (Villee 1945; Kaufman et al. 1973 ).
Other Genes Related to the Expression of the Bithorax Complex
There are several mutations in the Drosophila genome known to interact with the expression of mutants in the bithorax complex. The phenotypes of these mutations and their interactions have been described in more or less detail in other papers (Capdevila 1977; Garcia-Bellido and Capdevila 1978) . We will here only summarily describe their interactions with Rg-bx. The Rgpbx mutation causes a pbx-variegated (pbx v) phenotype whose penetrance decreases with increasing doses of the wildtype bithotax complex (Lewis 1968 ; Garcia-Bellido and Capdevila I978). It has a dominant phenotype, is a recessive lethal, and seems to act as a neomorphic mutation causing the specific repression of the postbithorax sublocus of the complex. Interestingly, in Df(3)red esz, Rg-pbx double heterozygotes there is an increase in the frequency of bx ~' transformations compared to the frequency of Df(3)red v52 alone (Table 5 ) and in addition an increase in the frequency of pbx v transformations typical of the Rg-pbx mutation. The revertant G1 (Lewis, personal communication; Garcia-Bellido and Capdevila 1978) has no pbx v phenotype nor does it increase the bx ~ phenotype in double heterozygotes with Df(3)red Psz. (Table 5) . (su(Cbx) ). This mutant exhibits peculiar interactions with mutants of the bithorax complex (Lewis, personal communication; Capdevila 1977 and unpublished; Garcia-Bellido and Capdevila 1978) . This deficiency, however, does not show phenotypic interactions in double heterozygotes with Df(3)red es2.
D f(1)KA14 includes the locus of suppressor of Contrabithorax
Df(1)sn has been shown (Gans et al., 1980) to contain a mutant which, with a red-deficiency (Df(3)red v93) and in interactions with mutants of the bithorax complex, causes bithorax phenotypes. Both the mutant and the deficiency of its locus have a strong maternal component. We show in Table 5 that this deficiency has a strong interaction with Df(3)red Fsz. In the cross of Table 5 , Df(3)red e52 comes to the zygote from the father and therefore is expected to have little effect by itself (see Table 1 ). It is therefore remarkable that in males or females which are not Df(1)sn but are Df(3)red, the frequency of bx" phenotypes is high but that it is lower in non-Df(1)sn, nonDf(3)red P52 flies (Table 5) . These results are indicative of a strong maternal component of Df (1) Among the mutations which affect the expression of the bithorax complex, the alleles of the Polyeomb (Pc) locus are especially interesting. The phenotype of heterozygous flies and homozygous lethal embryos and the interaction of Pc with bithorax mutants has led Lewis (1978) to suggest that the Pc locus is a regulator gene, coding for a repressor of the genes of the bithorax complex. The interactions of Pc mutants and of various doses of the Pc locus with the Rg-bx locus (Table 6 ) are consistent with Lewis's interpretation of the Pc + function and with the Rg-bx locus coding for (or being immediately related to) an inducer molecule involved in controlling the bithorax complex by repression. The phenotype of Pc 3 includes; a Cbx phenotype, derepression phenotypes in the abdomen, transformation of the meso-and metathoracic leg into a first leg (readily seen in the sexcomb of males) and an Antennapedia transformation in the head (Hannah-Alava 1958; Dennell 1978; Lewis 1978) . Whereas the first phenotypes are related to the bithorax complex the others may involve other genetic systems. However, the expressivity of these phenotypes changes in combination with Rg-bx and for simplicity we have graded them from A (wildtype) to E (most extreme) for description of the phenotypes (see Material and Methods).
In the crosses of Table 6 , the number of doses of the bithorax complex remains normal and, as in previous crosses, the bx ~ phenotype appears only in flies derived from heterozygous Df(3) red p52 females. However, the expression of the Pc phenotype varies in flies of different Rg-bx genotypes. If the number of doses of the Pc § gene is two (wildtype) or more than two the phenotype is normal. If there is only one dose of Pc + in the zygote, the Pc phenotype can be very extreme when there are three doses of the Rg-bx § allele (more so if the mother had three doses) and less extreme with two Rg-bx § doses. However, the Pc phenotype disappears in Pc/+ flies which only carry one wildtype dose of the Rg-bx locus. This supression is especially clear in the abdominal transformations (Table 3, bottom) . This titration of Pc with different doses of Rg-bx is consistent with the latter being a gene coding for an inducer that binds to the repressor. Thus, insufficiency of the repressor is aggravated by the presence of more inducer molecules and counteracted when fewer are present (1/1 ratio).
The results of the following experiments are consistent with that interpretation. In these experiments we tested the effect of titrating the three loci involved, Rg-bx, Pc and bithorax. We used the same duplications and deficiencies for these loci as were used to generate zygotes with different doses of each locus. Whereas flies with only one dose of Rg-bx § and one of the bithorax complex show a high frequency (about 20%) of bx v transformations (Table 4) , flies (in 4 different crosses) that are also heterozygous for Pc 3 show extremely low bx v frequencies (6/590= 1%). The penetrance of abdominal transformations is similarly reduced. A full description of this analysis will appear in another paper reporting a study of the Pc locus (Capdevila and Garcia-Bellido, in preparation)..
Phenocopies
As mentioned above, the transformations caused by Rg-bx are similar to those found in ether phenocopies of blastoderm embryos (Gloor 1947; Capdevila and Garcia-Bellido 1974; Bownes and Seiler 1977) . The observed phenocopies are characterised by the appearance in the adult of patches of transformed tissue in the metathorax which have mesothoracic characteristics and of cephalad transformations in the abdominal segments (see Table 7 ). It is therefore interesting to study ether phenocopies in flies with different genetic constitutions with respect to the Rg-bx locus (Table 8) . Ether treated heterozygous mutant and control (TMI) eggs are sibs of the same cross, so that possible experimental and genetic background variations can be excluded when their phenocopy ratios are compared. Embryos heterozygous for Rg-bx, or either of two deficiencies which include it, show a much higher frequency of phenocopies than their sib controls. This frequency is reduced when the embryos treated received the deficiency chromosome from the father. The absolute frequency of bx ~ phenotypes is in all the mutant genotypes more than additive if we consider the frequency of the bx v transformation in untreated mutant embryos (about 1 5% Table 1 and 2). Ether perturbation seems to be synergistic with the depletion of Rg-bx wildtype products. This conclusion was reinforced when we studied the frequency of ether phenocopies in flies with several doses of the Rg-bx locus (Table 8, Expt. 5 ; Fig. 2 ). In the cross which generated the ether treated embryos, both parental genotypes contained two normal doses of the gene. However, since the female carried a translocation (BDp(3;1)kar51/+; Df(3)rede52/ MKRS) and the male was wildtype, the resulting zygotes received one, two or three doses of the Rg-bx § allele. The frequency of phenocopies in flies with one dose is about three times higher than in euploid flies. Interestingly, the frequency of phenocopies in flies with three doses is about one half that found in euploid flies. These results strongly suggest that an excess of Rg-bx products counteracts the perturbation effect caused by ether and are consistent with the idea that the ether perturbation could cause local depletion of the Rg-bx witdtype product.
The data in Table 9 show the effect of ether treatment on the frequency of phenocopies in embryos heterozygous for other mutations related to bithorax gene expression. We will consider here the same mutants as were studied for their interactions with Rg-bx. As when it was combined with a Rg-bx deficiency, the mutant Rg-pbx gives an increase of bx ~ phenotypes in ether treated flies. This higher response to ether depends on the zygotic genotype; that is, it is similar in zygotes deriving from mutant oocytes or mutant sperm. The revertants G1 and Gz of the same Table 9 . Percentage of flies with bx phenocopies (only dorsal metathoracic transformations scored) in ether-treated embryos of different genotypes. Crosses were as in Table 8 original Rg-pbx chromosome show a response similar to that of control embryos. The two lethals, l(3)XVI-18 and l(3)111-10, produce a significantly higher frequency of phenocopy spots than controls; again in a fashion parallel to their interactions with Df(3)red es2. The point mutant su-Cbx and the chromsome deficiency (Df(1)KA14), which includes su-Cbx, do not increase the responsiveness of ether treated embryos. The bx phenocopies produced in Pc 3 embryos are significantly less frequent than in control sib flies (Table 9 , Exp. 9 and 10). This reduction is of the same order in embryos which received the Pc 3 chromosome from the mother or from the father. A finding which is related to the postulated nature of Pc as a repressor encoding gene (see discussion).
Discussion
In this discussion we shall analyze the possible role played by the wildtype alleles of the mutations in the activation mechanism of the bithorax complex which we have studied. In principle, mutation represents perturbation and, given the complexity of gene interactions, it is difficult to distinguish secondary or pleiotropic effects from those caused by the removal of a specific genetic component of the activation mechanism. This difficulty is compounded by the fact that the mutants studied and all those known do not necessarily allow us to study all the loci involved. The results presented in this paper are consistent with a model of regulation of the activation of the bithorax genes similar to that found in E. coli operons which are controlled by repression. As in these systems the bithorax complex (the structural gene) is or is not transcribed depending on the relative concentrations of repressor and inducer molecules.
The Rg-bx point mutation and the three deficiencies that include it (all lethal when homozygous) show dominant phenotypes that resemble those of mutations in the bithorax complex. These phenotypes appear with "~ariable penetrance in different segments of the fly and are cephalad transformations. Thus, they are characteristic of a functional deficiency of the bithorax complex. The penetrance of the phenotype is higher in mutant flies deriving from heterozygous mothers than in those derived from normal mothers. The mutation therefore has both maternal and zygotic effects. The mutant phenotype corresponds to an insufficiency of function of the Rg-bx locus because it disappears in mutant flies derived from mothers with three doses of the wildtype allele. Moreover, the maternal insufficiency does not affect zygotes which have three wildtype doses of the gene.
This maternal insufficiency is consistent with an early effect of the Rg-bx mutation. Clonal analysis suggests that the Rg-bx insufficiency has no effect in cells in late stages of development. Moreover, the mutant phenotype is similar to that found in phenocopies caused by ether treatment of the blastoderm of wildtype embryos (Gloor 1947; Capdevila and Garcia-Bellido 1974; . The fact that this mutant does not enhance the phenotype of flies homozygous for bithorax mutations further indicates that it does not affect expression of the bithorax genes during the proliferation of the imaginal anlagen when continuous function of the bithorax genes is required (Morata and GarciaBellido 1976) . Its effects seem instead to be on the activation of the bithorax locus early in embryogenesis.
The appearance of the bithorax thoracic and abdominal mutant phenotypes in Rg-bx heterozygotes depends on the allelic condition of the bithorax locus; it is exaggerated in flies heterozygotic for certain bithorax mutations and is suppressed in flies with three wildtype doses of the complex. This is a strong indication that the mutant phenotypes are due to an insufficiency in the function of bithorax genes. Moreover, Rg-bx mutant expression depends on the type of mutation in the bithorax complex. Thus, heterozygosity for point mutations in the complex (both recessive and dominant) do not increase the frequency of bx v patches above the level of homozygous wildtype controls. Chromosome rearrangements and partial deficiencies of the complex do, however, increase the incidence of transformation. These interactions are similar to those observed for ether phenocopies with mutants of the bithorax complex (Capdevila and GarciaBellido 1974; . In both cases the interactions can be explained by assuming that an insufficiency of"inducer molecules" can leave sufficient free repressor molecules to bind to the "operator regions" in the bithorax complexes of both homologous chromosomes. If one of these operator regions is made inaccessible by chromosome rearrangement or deficiency, there are more "repressor" molecules free to bind to the normal homologue. It is supposed that point mutants with normal repressor binding sites will behave as normal chromosomes.
We envisage the effect of the Rg-bx deficiency to be a depletion of inducer molecules along the anterior-posterior axis of the oocyte and blastoderm embryo. This depletion could be a secondary consequence of a general perturbation in segmentation or could be directly dependent on insufficient synthesis of inducer molecules specific for the activation of the bithorax genes.
Several arguments support the second alternative. Firstly, whereas bithorax phenocopies show an extremely high left-right correlation (Gloor 1947; Capdevila and Garcia-Bellido 1974 ; Table 8) 1978) this correlation does not exist in bx ~ spots caused by the Rg-bx mutation and its interactions with bithorax mutants (Ubx 13D, p. 342). Although other interpretations are possible, it could mean that ether perturbs segmentation in a general way and only secondarily the synthesis of inducer molecules in the individual segments, whereas the Rg-bx deficiency will directly and autonomously cause local depletion of inducer molecules in individual cells. The zygotic rescue of the maternal Rg-bx insufficiency indicates that this gene must be transcribed and its products be functional at the time of the bithorax activation. Moreover, the reduction of ether phenocopies in zygotes carrying three doses of the wildtype allele of Rg-bx (Fig. 2) Pc corresponds to a deficiency of function of the gene coding for a repressor which leads to phenotypes corresponding to derepression mutants of the complex (Lewis 1978; Capdevila and Garcia-Bellido, unpublished; and p. 345) . The interactions between Pc and Rg-bx indicate that the product of the latter is specific to the product of the former. Among other arguments (see Table 6 ), the bithorax insufficient phenotypes are largely corrected in pc3/Df(3)red Ps2 double heterozygous flies and, more specifically, because the Pc phenotype is strongly increased in pc3~+ flies with three doses of the wildtype allele of Rg-bx.
Moreover, the reduction in the number of ether-induced bx phenocopies in pc3~ + heterozygous embryos is also consistent with the interpretation that ether perturbation leads to the depletion of the same inducer molecules as those that are under the control of the Rg-bx gene.pc3/+ flies produce fewer phenocopies than controls because of the compensating deficiency of repressor caused by the Pc mutation.
Previous considerations can be summarized in the following hypothetical scheme of segmental specification (Meinhardt 1978 ; Lewis 1978 ; Garcia-Bellido and Capdevila 1978 zygote, inducer molecules accumulate along the antero-posterior axis of the egg. The zygotic (and the maternal?) genome could be responsible for the synthesis of repressor molecules. Either the inducer or the repressor molecules or both should be differentially distributed in such a way that their relative concentration varies along anterior-posterior axis of the embryo. Thus, if repressor molecules (presumably protein) and inducer molecules (possibly a metabolite resulting from enzymatic action) mutually bind, the unbound repressor concentration would vary along the axis of the embryo, being maximal in the thoracic region and minimal at the caudal end (Fig. 3) . In this scheme the Rg-bx locus could be responsible for the (enzyme catabolizing the synthesis of) inducer molecules and the Pc locus could code for the repressor. The appearance of a sternite in the sixth adult segment in males is consistent with the cells responding to a position defined by a repressor concentration typical of a more anterior segment (Fig. 3) . The same explanation accounts for the transformation of a 7th tergite into a 6th and the appearance of chaetes in the 8th segment (deriving from the genital disc) in females. Very probably the same explanation also holds for the appearance of a new 7th tergite in males. Gynandromorph analysis and cauterization experiments (Santamarla and Garcia-Bellido 1972) showed that in males the cells of the 7th tergite anlage in larvae do not give rise to an adult tergite. Possibly, again, inducer depletion in this segment may lead to a concentration corresponding to a 6th segment to which male cells respond with imaginal proliferation. Lewis (1978) has shown that embryos homozygous for deficiencies of the whole bithorax complex have thoracic and abdominal segments transformed into a mesothoracic type. Pc homozygous lethal embryos show the phenotype expected for complete derepression: the transformation of thoracic and abdominal segments into 8th abdominal segments. They show, in addition, malformed mandibles and cephalic segment (Lewis 1978) . We have found, however, that Rg-bx or a deficiency of its locus does not affect segmentation or cuticular pattern in homozygous embryos (p. 342) as would be expected if the inducer were totally depleted. The normal phenotype of these embryos could, however, result from the presence of sufficient maternally-derived inducer molecules in the oocyte to at least provide a normal specification of larval epidermal cells.
Several results support specific interactions between the Pc and the Rg-bx loci. Firstly deficiencies of Rg-bx + correct the antennapedia phenotype of Pc3~+ flies (Table 6 ). Secondly, the embryonic Pc phenotype in pc3Df(3)red e52 homozygous embryos is normalized (Capdevila and Garcia-Bellido, in preparation) . Thirdly, trx, a possible allele of Rg-bx (Ingham and Whittle 1980) , shows prothoracic transformations and lastly, antennapedia transformation is found in clones of Rg-bx cells in the head (p. 344). These findings provide further indications that both Pc and Rg-bx are required in segments anterior to the mesothorax possibly as repressor and incuder genes of selector genes other than the bithorax complex (Fig. 3) .
The mutation trx, recently described by Ingham and Whittle (1980) , should be discussed in this context. It is a homozygous viable and shows metathoracic and some abdominal transformations identical to those found in heterozygous Rg-bx flies. It also shows prothoracic transformations to mesothorax which were not found in either Rg-bx/+ or in heterozygous deficiencies.
Moreover, these prothoracic transformations appear in heterozygous trx/+ ether treated blastoderrn embryos, whereas they were not found in Df(3)red/+ or Rg-bx/+ ether treated embryos. Thus, although trx maps in the Rg-bx chromosome region and shows no complementation with Df(3)red P93 it is still possible that it is either a double mutant or that the described allele contains a hypomorphic (metathoracic and abdominal transformations) and an antimorphic (prothoracic) component.
Earlier schemes would suffice were it not that mutants in other loci are known to affect segmentation in embryos (Ntisslein-Volhardt and Wieschaus 1980) and that others show interactions with bithorax expression. We have studied some of the latter type in this paper and their behaviour urges us to attempt to incorporate them into this scheme.
From the mutations studied here, two in one locus, (l(3) III-lO) , and Df(3)sn c12* show interactions with Df(3)red Ps2 which suggest that their loci are associated with the inducer component. Specifically, Df(1)sn has a strong maternal effect in this interaction (Table 5) (Gans et al. 1980) . It also has, like Df(3)red, maternal effects in interactions with bithorax mutants which distinguish point mutations from rearrangements or deficiencies of the Ubx region (Gans et al. 1980) . The homozygous lethal embryos of this deficiency have, like Df(3)red embryos, a normal phenotype (unpublished). Df(1)sn differs from Df(3)red in that the bx ~ transformations show some left-right correlation (p. 345). Thus, like perturbations caused by ether, the Df(1)sn deficiency might lead to abnormalities in segmentation and secondarily affect the synthesis or distribution of the Rg-bx wildtype products.
The two altelic lethats mentioned above also interact with D f(3)red (Table 5 ) and show an increase in phenocopy frequencies (Table 9 ). They differ from Rg-bx in at least two properties ; they do not interact with bithorax mutants and the function of their wildtype alleles must be required during the proliferation phase of the discs because they show cell autonomy in clones generated by mitotic recombination (Shearn 1980; Capdevila, unpublished) . It remains unclear how, and even if, the loci containing these mutations are related to the regulation of the bithorax complex.
The dominance of the mutant Rg-pbx, its interactions with Df(3)red F52 (Table 5 ) and with several doses of bithorax (Lewis 1968 ) and its behaviour in phenocopy experiments (Table 9) are compatible with its being a super repressor mutation (at a different locus than Pc) of at least the Ubx region of the complex (Garcia-Bellido and Capdevila 1978) . However, the behaviour expected from its two revertants (G1 and G2), namely to show derepression phenotypes, has not been observed. The homozygous lethal embryos of both Rg-pbx and its revertants show a normal segmentation and cuticular pattern (unpublished).
Thus, the original Rg-pbx mutation could correspond to a neomorphic mutation in a gene whose wildtype function is unrelated to the activation of the bithorax complex. Other possible interpretations require further study.
The results shown in this paper for su(Cbx) and its deficiency (Df(1)KA14) do not suggest any effect of the locus in the activation step of the bithorax complex (Capdevila 1977; Garcia-Bellido and Capdevila 1978) . Neither do homozygous Df(1)KA14 lethal embryos show segmental abnormalities (unpublished).
Thus, it seems from the present data that the genes Pc and Rg-bx are the best candidates for the role of regulator and inducer synthesizing genes, respectively, involved in the control by repression of the bithorax complex. Both affect all the segments under bithorax control, which suggests that the different genes of the complex have a common repressor. The different response determining the different segmental pathways could be due to: different affinity constants of the repressor binding sites of the different subloci (Lewis 1978) ; the Pc gene and/or the Rg-bx gene being in turn complex genes producing multimeric products, each combination specific for a different bithorax sublocus or the presence of co-inducers or -repressors coded by yet other loci needed for specification of the specific subloci.
The preceding discussion has dealt with the mechanism of activation of the bithorax complex in early embryogenesis, the initiation step of cell specification. The problem of how this specification is then maintained in cells during the proliferation period is merely outlined. The specification must be registered in the bithorax genes because changing the genetic constitution for these genes during the proliferation period causes clonal transformation (Morata and Garcia-Bellido 1976) . We have seen that similar changes with respect to Rg-bx remain without phenotypic effect (p. 345) which suggests that the Rg-bx wildtype gene is not required during maintenance. The Pc gene, on the other hand, is required during this period for continued repression of the bithorax genes (Capdevila and Garcia-Bellido, in preparation) . A hypothetical scheme of the genetic mechanism responsible for the maintenance of cell specification has been presented elsewhere (Garcia-Bellido and Capdevila 1978) .
